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Abstract 
The paper presents the possibility for the sodium-cooled fast reactor technologies to be used for the steam methane reforming (SMR) into 
hydrogen. The three independent energy loops available in the Russian BN-600 fast reactor make it possible to use the steam generator in 
one of the loops for the generation of steam with a pressure of p = 13.2 MPa and a temperature of T = 505 °С . The second energy loop of the 
reactor can be used to increase the temperature of the steam–gas mixture to the value required for the efficient reforming. The electric power 
of 200 MW generated in the loop is enough to feed the source of high-temperature helium flow ( T = 950 °С ) using which the steam–gas 
mixture temperature in the reformer is increased up to T = 820 °C. The technology proposed provides for a high hydrogen production rate 
(about 80 thousand normal cubic meters of H 2 per hour). This will save up to 25% of the initial natural gas that is combusted in accordance 
with the existing standard SMR technology for the preparation and heating of the steam-gas mixture. 
Copyright © 2016, National Research Nuclear University MEPhI (Moscow Engineering Physics Institute). Production and hosting by 
Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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h  A fundamental issue requiring the development of scien-
tific approaches is the need for limiting the human impacts on
the environment. The fuel and energy facilities which use coal
and hydrocarbons account for most of the greenhouse gases,
specifically carbon dioxide, released into the atmosphere. In
this connection, the concept of hydrogen economy and hydro-
gen ecology suggests step by step reduction in the volume of
the carbon fuel in use, and, in a longer term, on its extensive
replacement by hydrogen fuel. In future hydrogen is expected
to become one of the major sources of energy with hydrogen
economy, a basically new type of power engineering, to be
formed [1] . 
Nuclear power is a technology that makes it possible to
reduce substantially the release of greenhouse gases into the
atmosphere in the production of electricity. Thus, according
to the International Energy Agency (IEA), the emission of 56
billion tons of carbon dioxide, a global two-year total emis-∗ Corresponding author. 
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2452-3038/Copyright © 2016, National Research Nuclear University MEPhI (Mo
B.V. This is an open access article under the CC BY-NC-ND license ( http://creatiion, has been prevented since 1971 at nuclear power plants
n operation worldwide. 
At nuclear installations, high temperatures of about 850
o 950 °C required to gasify coal and convert natural gas
o hydrogen may be achieved only in high-temperature
as-cooled nuclear reactors. Such reactors are being devel-
ped in a number of countries but have not yet reached the
ommercialization stage. A successful design in operation
n Russia is the BN-600 commercial fast reactor with the
rimary circuit inlet sodium temperature of not more than
50 °C. The BN-series reactors are intended for electricity
eneration, still they may have other technological and
ommercial applications, including, potentially, commercial
roduction of hydrogen [3] . The medium-temperature of
he coolant in operating sodium-cooled reactors does not
owever make it possible to reform methane effectively for
ydrogen production. To increase the steam–gas mixture
emperature the additional heating was proposed in Ref. [4]. 
The goal of this study is to investigate the feasibility of the
team methane reforming into hydrogen using the medium-
emperature steam of the BN-600 reactor ( T = 505 °C) and
he subsequent additional heating of the steam–gas mixture
o the required temperature ( T = 820 °C) using the electric
nergy generated in the same reactor. scow Engineering Physics Institute). Production and hosting by Elsevier 
vecommons.org/licenses/by-nc-nd/4.0/ ). 
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p  The BN-600 commercial reactor has a tank design [5] .
he tank accommodates the primary circuit components,
ncluding the reactor core, intermediate heat exchangers, and
ain coolant pumps. The core heat is transferred to the
team generators through a three-circuit system via three
arallel loops. 
Basic performance data of the BN-600 reactor’s three in-
ependent energy loops [5] : 
− rated electric power – 200 MW; 
− steam generating capacity – 6.4 ·10 5 kg/h; 
− steam pressure – 13.2 MPa; 
− steam temperature – 505 °C. 
Currently, about half of commercial hydrogen is produced
y steam methane reforming via the following reaction [2] : 
H 4 + H 2 O + 206 kJ/ mole CH 4 −→ CO + 3H 2 (1) 
During the reaction, the steam–gas mixture pressure is
 = 2–3 MPa, the water/methane mole ratio is m = 2, and
he temperature is T = 850 °C. Catalysts are also used in the
rocess. 
Commercial steam methane reforming consists of two
tages. 
At stage 1, steam with a pressure of up to 3 MPa is ob-
ained in a chamber with a temperature of up to 500 °C and
ixed with the externally fed natural gas to the mole ratio
f m = 2. This requires up to 12% of the supplied gas to be
ombusted for the steam formation and heating. 
At stage 2, the prepared steam–gas mixture is fed into a
igh-temperature reformer with a temperature of Т = 850 °С ,
hich contains catalysts and membranes for the hydrogen
eparation. This requires 13% of the supplied gas to be com-
usted to heat the reformer. 
Therefore, commercial steam methane reforming entails
he combustion of 25% of the gas fed to the reformer with the
espective release of the combustion product (carbon dioxide)
nto the atmosphere. 
For the purpose of achieving a high hydrogen production
ate, saving large quantities of natural gas and preventing its
ombustion products from being released into the atmosphere,
t is proposed in this study that steam from the BN steam gen-
rator should be used to prepare the steam–gas mixture, and
lectric heaters powered from the BN turbine should be used
o increase additionally the steam–gas mixture temperature. 
Such capability is provided by the BN-600 reactor in op-
ration as the third unit of the Beloyarskaya Nuclear Power
lant. The BN-600 reactor has three energy loops each of
hich forms an independent power unit. 
The above-mentioned high parameters of the steam in one
f the energy loops make it possible to use it to prepare
he steam–gas mixture, thus reducing by 12% the supplied
as consumption and providing for a decrease in the carbon
ioxide release into the atmosphere. 
An electric power of up to 200 MW generated in the reac-
or’s second independent energy loop can be used to increase
he temperature of the prepared steam–gas mixture from 500o 820 °С needed for the effective steam reforming, which
llows saving another 13% of the gas supplied. 
Assuming that a half of this loop’s power, with regard
or losses, will be spent for the steam reforming of methane,
hen, taking into account the energy required for endothermic
eaction ( 1 ) to take place (206 kJ/mole of CH 4 ), we shall have
he following reforming efficiency: 
 = 100 MW / 206 kJ / mole C H 4 ≈ 5 · 10 2 mole C H 4 / s (2)
The following flow of gas is required to achieve such con-
ersion efficiency: 
 gas = 4 · 10 4 N m 3 / h (3)
here Nm 3 is the cubic meter of gas under normal conditions
a pressure of 760 mmHg, and a temperature of 0 °C). 
It appears to be technologically feasible to supply to the
eformer 40 thousand cubic meters of natural gas per hour. 
Preparing the steam–gas mixture needed for the reforming
ill require the following steam flow: 
 steam = W gas · m · M/ 22. 4 (4)
here W steam is the steam flow, kg/h; W gas is the natural gas
ow in normal conditions, Nm 3 /h; M is the molecular weight
f water, 10 –3 kg; 22.4 ·10 –3 Nm 3 is the volume occupied by a
ole of methane; m = 2 is the mole ratio of steam and gas. 
Provided a natural gas flow equal to 4 ·10 4 Nm 3 /h is defined
n relation ( 4 ), then preparing a steam–gas mixture with a
atio of m = 2 will require the following steam flow: 
 steam = 6 . 4 · 10 4 kg / h (5)
hich is an order of magnitude as small as the capacity of
ne BN-600 energy loop (6.4 ·10 5 kg/h). 
According to reaction ( 1 ), steam reforming of one mole
f methane is expected to yield up to three moles of hy-
rogen or, at least, with losses taken into account, two
oles of hydrogen [6] . Then, with a methane flow of
 gas = 4 ·10 4 Nm 3 /h fed to the reformer, a hydrogen flow of
bout W hydrogen = 8 ·10 4 Nm 3 /h may be obtained as the result
f the reaction ( 1 ). 
We shall estimate the hydrogen production capacity based
n the BN-600 reactor. The BN-600 reactor is known to op-
rate for 280 days per year (6720 h). Provided 250 million
ubic meters of gas is supplied to the BN-600 reactor dur-
ng this time ( W gas = 4 ·10 4 Nm 3 /h), which is technologically
easible in Russia, then, with the conversion of one mole of
ethane to two moles of hydrogen, up to 500 million cubic
eters of hydrogen will be produced yearly, with much less
arbon dioxide released into the atmosphere. 
The facility for the methane reforming into hydrogen will
onsist of two units: a medium-temperature chamber and a
igh-temperature reforming chamber. 
A flow of the steam–gas mixture is generated in the
edium-temperature chamber. For this, a steam flow of
8 kg/s with a temperature of T = 550 °C and a pressure of
 = 30 atm is supplied to the chamber from the BN-600 SG
utlet. Simultaneously, a methane flow of 8 kg/s with a tem-
erature of T = 40 °C and a pressure of p = 30 atm is fed to
128 G.L. Khorasanov et al. / Nuclear Energy and Technology 1 (2015) 126–129 
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[  the chamber. After it leaves the medium-temperature chamber,
the steam–gas mixture (methane + steam) flow of 26 kg/s with
a temperature of T ≈ 500 °C and a pressure of p = 30 atm is
fed into the high-temperature reforming chamber. 
The high-temperature chamber is a chemical reactor in
which methane + steam is reformed into a synthetic gas (car-
bon monoxide and hydrogen) at T = 820 °C in the presence
of catalysts. In the process of flowing along the chemical re-
actor column, carbon monoxide is partially recovered in the
water environment to carbon dioxide with additional hydrogen
generation. Further on, the hydrogen formed in the reaction
of the methane splitting into a synthetic gas and in the car-
bon monoxide – dioxide “shift reaction” is separated by way
of diffusion through the nickel membranes inside the same
chamber. The amount of the hydrogen flow leaving the re-
forming chamber may reach 2 kg/s and more. The rest of the
steam-gas mixture, consisting of non-splitted methane, carbon
monoxide, carbon dioxide and hydrogen residues, leaves the
chemical reforming reactor as a flow of 24 kg/s (total amount),
and may be thereafter used or disposed. 
The chemical reforming reactor is heated to the average
temperature needed for the reforming ( Т = 820 °C) by being
blown over with a helium flow of up to 40 kg/s with a tem-
perature of T = 950 °C and a pressure of р = 40 atm. These
parameters of the helium flow are achieved in the helium flow
source that consumes an electric power of up to 200 MW from
one of BN-600’s three independent energy loops. 
Practically, the feasibility of heating additionally the
steam–gas mixture by electric energy to a temperature of
about 820 °C is demonstrated effectively by experiments con-
ducted at the EVA II facility in Germany in the 1980s [7] .
The facility used a helium flow of 4 kg/s with a temperature
of 950 °C and a pressure of 40 atm to prepare steam and heat
the steam–gas mixture to 820 °C. High temperature of helium
was achieved by using electric heaters to which an electric
power of up to 10 MW was supplied. This method was used
to reform a methane flow of 37.5 mol of CH 4 /s (0.6 kg/s) in
the EVA II high-temperature chamber. And the formation of
steam and the subsequent heating of the steam–gas mixture
to 820 °C required the energy input of 
E = 10 MW / 37 . 5 moleof C H 4 / s = 267 kJ / mole C H 4 . (6)
Taking into account such energy contribution per mole of
CH 4 , the electric power of one BN-600 energy loop, 200 MW,
is expected to provide for the following rate of methane con-
version: 
P = 200 MW / 267 kJ / mole of C H 4 = 7 . 5 · 10 2 mole of C H 4 / s 
(7)
which is close to that (5 ·10 2 mol CH 4 /s) given in ( 2 ). 
Therefore, the use of steam from one energy loop of the
BN-600 sodium-cooled fast reactor and of the electric power
from the adjoining independent loop are expected to create
conditions for the efficient steam reforming of a methane flow
of 8 kg/s into a hydrogen flow of about 2 kg/s. 
Production of hydrogen based on the proposed technology
will entail the commercial loss of the sum formed by the costf the electricity potentially generated in two BN-600 loops,
nd the cost of natural gas supply. 
Two BN-600 energy loops produce 4 ·10 5 kW-h of electric-
ty per hour. Given that the retail electricity price in the central
egion of Russia is 3.94 rouble/kW-h, the cost of electricity
enerated for one hour in two BN-600 loops will amount to
.576 million roubles. 
The quantity of the natural gas fed hourly to the reformer
ill be 4 10 4 m 3 under normal conditions. Given the natural
as retail price of 6 rouble/m 3 , the cost of the hourly supplied
as will be 0.240 million roubles. 
In these conditions, 8 10 4 Nm 3 of hydrogen will be pro-
uced for one hour. Therefore, the cost of preparing and addi-
ionally heating the steam–gas mixture for production of one
ormal cubic meter of hydrogen based on the BN-600 reactor
ill be not less than 23 roubles. 
It should be noted that the use of natural gas for the prepa-
ation of steam and for heating the reformed steam–gas mix-
ure will accordingly require about 4 roubles per one normal
ubic meter of hydrogen. In this case, however, the production
f 500 million normal cubic meters of hydrogen will entail
he atmospheric release of about 130 thousand tons of carbon
ioxide, which corresponds to about 0.01% of the Russian
early atmospheric release of carbon dioxide from the com-
ustion of hydrocarbon fuel (the respective figure for 2009 is
.5326 billion tons [8] ). 
onclusions 
The use of steam from one energy loop of the BN-600
odium-cooled fast reactor and of the electricity from the ad-
oining independent loop of the same reactor are expected to
reate conditions for the production of about 500 million nor-
al cubic meters of hydrogen per year, which corresponds to
bout 0.1% of the global annual hydrogen production [2] . In
his case, with the hydrogen production cost exceeding the
ost of the hydrogen generation by a traditional commercial
echnology, the emission of carbon dioxide into the atmo-
phere will be prevented at a level of about 130 thousand
ons per year. 
cknowledgments 
The studies were conducted with the financial support from
he Russian Fund for Fundamental Research and the Govern-
ent of Kaluga region (Project no. 14-48-03036 ). 
eferences 
1] N.N. Ponomaryov-Stepnoy , At. Energiya 96 (6) (2004) 411–425 [in Rus-
sian] . 
2] B.C.R. Ewan , R.W.K. Allen , Int. J. Hydrogen Energy 30 (8) (2005) 809–
819 . 
3] A.P. Sorokin , S.G. Kalyakin , et al. , At. Energiya 116 (4) (2014) 194–203
[in Russian] . 
4] G.L. Khorasanov , A.P. Ivanov , A.I. Blokhin , Alternativnaya Energiya
Ekologiya (6) (2004) 5–7 [in Russian] . 
G.L. Khorasanov et al. / Nuclear Energy and Technology 1 (2015) 126–129 129 
[  
[  
 
[
[  5] Yu.E. Bagdasarov, O.M. Saraev, N.N. Oshkanov, Reaktor BN-600.
Preprint No. 2284, Obninsk, FEI, 1992, 38 p. [in Russian]. 
6] E.K. Nazarov , N.A. Dubyaga , L.V. Semyonova , A.F. Ivanovskiy , At.-
vodorodnaya Energetika Tekhnologiya. Iss. 7. M. Energoatomizdat.
(1986) 3–61 [in Russian] . 7] R. Harth , W. Jansing , H. Teubner , Nuclear Eng. Des. 121 (1990) 173–
182 . 
8] Available at: http:// slon.ru/ economics/ top _ 10 _ stran _ po _ vybrosam _
uglekislogo _ gaza-691567.xhtml; http:// www.ecfor.ru/ pdf.php?id=2004/ 5/ 
08 . 
